The mid-elevation forest of California's Sierra Nevada poses a bioclimatic paradox. Mid-elevation trees experience a montane Mediterranean climate, with near-freezing winter days and rain-free summers. The asynchrony between warmth and water input suggests low primary production, limited by photosynthetic dormancy in winter cold, and again in summer and early autumn with drought, yet this forest is characterized by tall trees and high biomass. We used eddy covariance in a mid-elevation Sierra stand to understand how winter cold and summer drought limit canopy photosynthesis and production. The trees exhibited canopy photosynthesis year-round. Trees avoided winter dormancy, and daytime CO 2 uptake continued despite a deep snowpack and near-freezing temperatures. Photosynthesis on sunny days continued at half of maximum rates when air temperature was 0 °C. Likewise, the vegetation avoided summer drought dormancy, and high rates of daytime CO 2 uptake and transpiration continued despite a 5-month period with only negligible water input. We attribute this drought avoidance to deep rooting and availability of deep soil water. Year-round photosynthesis helps explain the large biomass observed in the Sierra Nevada, and implies adaptive strategies that may contribute to the resiliency or vulnerability of Sierran vegetation to climate change.
Introduction
The mechanisms that allow Sierran mixed-conifer forest to support a biomass that is comparable to tropical rainforest despite a seemingly harsh environment remain unresolved. The 1000-2500 m elevation belt in California's Sierra Nevada experiences a montane Mediterranean climate, with near-freezing days and a mix of rain and snow from about November to May, and a long, snow-and rain-free period from about June to October. The long period from late fall to spring with below-freezing nights, combined with the long period from late spring to fall without appreciable precipitation, suggests that high rates of canopy gas exchange could be confined to a short window from about April to June ( Johnson 1982 , Urban et al. 2000 , ORNL DAAC 2008 , Berlekamp et al. 2015 . A brief period of transpiration and photosynthesis could imply a relatively low rate of annual gross and net production ( Rosenzweig 1968 , Zhao et al. 2005 , ORNL DAAC 2008 , yet this is a large-statured forest and the endemic range of the most massive species in the world, the giant sequoia (Sequoiadendron giganteum (Lindl.) J. Buchh.). The apparent paradox of a high-biomass forest despite a cold winter and dry summer has received only brief attention in the literature. California has experienced recent warming and increased precipitation variability, and these trends are expected to continuefurther warming, though the climatic thresholds for mortality are unknown. The Sierra Nevada is a major component of California's carbon and water budgets, and forest vulnerability to climate change has important practical implications. The Sierra Nevada contains ∼69 tC ha −1 , or ∼20% of California's standing biomass ( Potter 2010) . The Sierra Nevada is critical to California's water supply, providing a natural seasonal reservoir in the snowpack ( California Department of Water Resources 2005, Bales et al. 2011a ). An improved understanding of Sierran sensitivity to climate is needed to predict the impact of climate change on California's water and carbon resources ( Dettinger et al. 2004 , Barnett et al. 2005 , Loarie et al. 2008 , Flint and Flint 2012 . In turn, an improved understanding of the meteorological controls on Sierran tree photosynthesis, primary production and evapotranspiration (ET) is needed to dissect the relationship between climate and forest vulnerability, but the observations that would support this progress remain scarce ( Royce and Barbour 2001, Araújo and Peterson 2012) .
We targeted this deficiency by making direct measurements of ecosystem and meteorological properties of a mid-montane forest in the southern Sierra Nevada. Our overarching goal was to better understand the relationships between meteorology, plant production and water use. We focused on three questions: (i) to what extent does winter cold limit gross primary production, net primary production and ET? (ii) To what extent do dry soil and warm summer days limit gross primary production, net primary production and ET? (iii) What do these relationships imply about the vulnerability and resilience of forest production and water use to a warmer and drier climate?
Materials and methods

Site description
We used a combination of techniques, including half-hour measurements of weather, gas exchange and energy exchange, and monthly-to-annual measurements of tree diameter, litterfall and mortality, to characterize the effects of meteorology on forest physiology and production ( Figure 1 ). Our main study site was at 2015 m in the southern Sierra Nevada (37. 0675°N, −119.1951°W; Goulden et al. 2012) . The site was in the Sierra National Forest's Kings River Experimental Watershed ( Eagan et al. 2007 ), ∼10 km southeast of Shaver Lake and 0.5 km southwest of the end of Forest Service Road 10S10. Access to the site was by vehicle in summer and foot in winter.
The climate at the site was montane Mediterranean, with warm dry summers and cool wet winters. Most precipitation fell from October to April, and ∼70% fell as snow ( Bales et al. 2011b) . Soils were in the Gerle-Cagwin families association ( USDA 2009). Mean daily maximum air temperature during the study was 11.7 °C at 2 m above ground level (a.g.l.) and 10.5 °C at 55 m a.g.l. Mean daily minimum air temperature was 7.1 °C at 2 m a.g.l. and 9.2 °C at 55 m a.g.l. Mean annual precipitation was 1102 mm, and the mean annual summer dry period (with rain <1 mm day −1 ) was 138 days.
460 Kelly and Goulden We defined autumn as September-November, winter as December-February, spring as March-May and summer as June-August. The site was mixed-conifer forest dominated by Sierra white fir (Abies concolor (Gordon & Glend.) Lindl. ex Hildebr.) with some California incense cedar (Calocedrus decurrens (Torrey) Florin), Jeffrey pine (Pinus jeffreyi (Grev. & Balf.)), sugar pine (Pinus lambertiana (Douglas)) and black oak (Quercus kelloggii (Newb.)) (Figure 2 ). The forest canopy formed a mosaic, with closed-canopy patches dominated by white fir and sugar pine in the wettest areas, open forest dominated by Jeffrey pine, incense cedar and black oak in drier areas and shrubfields in the rockiest areas. The understory in areas of open tree canopy was mostly whitethorn (Ceanothus cordulatus ( Kellogg)) and greenleaf manzanita (Arctostaphylos patula (Greene)). A grove of giant sequoia grew at the same elevation 10 km to the southeast (the McKinley Grove).
Physical environment
The micrometeorological measurements were made on a 55-m tall eddy covariance tower ( Goulden et al. 2012 ). The broad relief was a ∼10° downhill slope to the southwest direction, with a 2° slope in the 1-ha area adjacent to the tower (Figure 1 ).
Radiation and other meteorological conditions were measured at the top of the tower and averaged for half-hour intervals. Air temperature was measured at 2, 10, 25 and 55 m a.g.l. using aspirated shields and Campbell Scientific (CS; Logan, UT, USA) T-107 thermistors. Temperatures reported in this article are at the tower top (55 m a.g.l.) unless otherwise noted. Potential ET (PET) was calculated using the Penman-Monteith equation and meteorological data from the tower top ( Monteith 1965) .
Precipitation (P) was measured using a CS TE-525 tippingbucket rain gauge at the tower. Gaps in the precipitation record or periods with snow were filled with observations from the National Atmospheric Deposition Program (NADP) station CA29-Kings River Experimental Watershed, 2 km from the tower ( National Atmospheric Deposition Program 2013). Tower and NADP precipitation data were well correlated during overlapping rains (R 2 > 0.8).
Soil volumetric water content (VWC) was measured with Campbell Scientific CS-616 water content reflectometers. Four probes were inserted vertically into the mineral soil along a 30-m transect near the tower, and extended from 0 to 0.30 m below the soil surface.
Turbulent fluxes
We summed half-hourly measurements of net ecosystem CO 2 exchange (NEE) and estimates of ecosystem respiration (R) to calculate gross ecosystem CO 2 exchange (GEE). Seasonal and annual sums of GEE are denoted as gross ecosystem production (GEP). Here, we use GEP primarily to understand seasonal and interannual variation in carbon cycling and photosynthetic activity.
Eddy covariance fluxes of CO 2 (NEE), water vapor (ET) and sensible heat (H) were calculated at half-hour intervals. Wind velocity was measured with a CS CSAT3 sonic anemometer. CO 2 and water vapor density were measured with a LI7000 closedpath Infrared Gas Analyzer (IRGA) (LI-COR Inc., Lincoln, NE, USA) ( Goulden et al. 1996 ( Goulden et al. , 2006 . The half-hour fluxes were filtered to remove calm periods (observations with a friction velocity (u*) less than a threshold value ( Goulden et al. 1996) ). The u* threshold was calculated seasonally to account for changes in meteorology or vegetation structure. We calculated the seasonal total NEE for a range of u* from 0.1 to 0.5 m s −1 and selected the maximum u* for which NEE changed <5% with an incremental u* increase or decrease.
The time lag between the IRGA and sonic signals was determined by maximizing the covariance between vertical wind and CO 2 and H 2 O; this lag was corrected for subsequent processing. The attenuation of high-frequency CO 2 and H 2 O fluctuations during passage through the sample tube and IRGA cell was corrected by cospectral similarity with H. A planar fit was used for coordinate rotation. The gas analyzer's CO 2 and H 2 O zero and CO 2 span were determined once a week using automated solenoid valves and gas standards. These automated calibrations established that the IRGA water vapor and CO 2 gains were very stable, with a drift of only a few percent typically observed over a 6-month period (the zeros showed more drift, but this variation is removed in the covariance calculation). The IRGA was swapped, serviced or recalibrated as soon as possible if the automated calibrations or other diagnostics indicated degraded performance. The IRGA was also swapped, serviced or recalibrated routinely every 6-12 months.
The half-hourly GEE was calculated as the difference between observed NEE and the respiration determined for 10-day periods. Respiration was calculated as the y-intercept of a linear fit between half-hour NEEs during windy periods and incoming solar radiation (K) during periods with K <200 W m −2 ( Goulden et al. 2012) .
Montane Mediterranean forest growth 461 Seasonal and annual totals of ET and GEP were calculated by summing half-hourly ET and GEE after filling intervals with missing, calm or otherwise unsuitable observations ( Goulden et al. 1996 , Moffat et al. 2007 ). Missing ET observations were filled as a linear function of K, and missing GEE as a square hyperbolic function of K. Missing observations were more common in winter, when snow and low solar angles depleted battery charge. Usable eddy covariance observations were available for 89% of the daylight periods in spring and summer, and 60% of the daylight periods in autumn and winter. The uncertainty associated with filling missing observations as a function of environmental conditions is typically minor ( Goulden et al. 1996 , Moffat et al. 2007 ).
We used the energy budget closure to confirm that our daytime observations were not systematically less accurate than those reported for lowland, comparatively flat sites. Energy budget closure was determined as the linear regression of net radiation against the sum of latent heat, sensible heat and soil heat flux. Soil heat flux was calculated from the half-hourly changes in soil heat content determined with thermocouples near the tower at 0.1, 0.5, 1.0 and 2.0 m depth. The energy budget linear regression was forced through the origin for half-hourly observations during turbulent periods. Energy budget closure was 86%, which is comparable to that reported for eddy covariance at comparatively flat sites ( Turnipseed et al. 2002 , Wilson et al. 2002 , Foken 2008 .
Biomass and production measurements
Ground-based measurements were focused in a 200 × 50 m (1 ha) plot, which extended 150 m in the mean daytime upwind direction and 50 m downwind of the eddy covariance tower. Tree stem diameter and species composition were measured in September 2009 by identifying, tagging and measuring the diameter at breast height (dbh) of all trees with dbh >0.10 m (Figure 2 ). Species-specific allometric equations were used to covert dbh to an estimate of aboveground trunk biomass ( Means et al. 1994) . Aboveground stem increment was measured using dendrometer bands. Ninety-eight of the 229 trees in the plot (dbh >0.10 m) were fitted with dendrometer bands ( Hall 1944, Keeland and Young 2007) , which were measured every 4-12 weeks during the study. We estimated stem increments for trees without dendrometers by regressing measured increments to diameter for each species.
Litter production was estimated using forty 0.26 × 0.56 m plastic trays arrayed in a grid within the plot, and included leaves, woody material and fruit. The trays were collected immediately after snowmelt, in midsummer and shortly before snowfall. Litter was dried at 65 °C and weighed to calculate litterfall by ground area.
Uncertainties
We conducted a series of sensitivity analyses to estimate the uncertainties associated with the micrometeorological and ecological measurements. In general, we found that our analyses were conservative and likely underestimated GEP compared with actual GEP. We did not identify any seasonal or interannual measurement biases that would have altered our conclusions in a meaningful way. Estimates of aboveground forest biomass included trunk carbon and did not account for branch and foliar carbon ( Clark et al. 2001) . Energy budget closure at the tower was typical for the method at 86%, and our carbon and water fluxes were not corrected upward to account for this term (cf. Twine et al. 2000) . Further analyses focused on determining whether seasonal changes in meteorology could have introduced biases in our estimates of seasonal totals of GEE. For example, we found that the seasonal pattern of GEE was insensitive to the u* threshold used to calculate respiration. Likewise, we found similar seasonal and thermal response patterns of GEE from morning to afternoon, implying that diel changes in canopy storage were unlikely to cause a meaningful bias to the seasonal trend.
Results
Meteorology
Meteorological conditions reflected a mid-elevation, snowdominated Mediterranean climate (Figure 3 ). Precipitation averaged 1102 mm year −1 during the study, with 90% falling from 1 October to 15 April. Precipitation typically arrived in multiday winter storms; ∼70% fell as snow during WYs 2008 and 2009 and a snowpack persisted through most of the winter ( Bales et al. 2011b) . Mean annual temperature during WY 2009-12 was 9.0 °C at 55 m a.g.l. (the tower top). Summer (JuneAugust) mean high temperature was 18.4 °C and mean low temperature was 14.1 °C at 55 m a.g.l. Winter (January-March) mean high temperature was 5.1 °C and mean low temperature was 0.4 °C. Summer midday temperatures were 2.6 °C warmer at 2 m a.g.l. than at 55 m a.g.l., and night-time temperatures were 2.1 °C colder at 2 m than at 55 m (Figure 4a ). Winter midday temperatures were not significantly different between 2 and 55 m, whereas night-time temperatures were 2.0 °C colder at 2 m than at 55 m (Figure 4b ) a.g.l.
Tree biomass and production
Aboveground tree stem carbon content was 91 tC ha −1 in September 2009. Gross stem wood production averaged 2.1 tC ha −1 year −1 , and net wood production, which was calculated by subtracting tree mortality, was 2.0 tC ha −1 year −1 . Annual stem production varied by <0.15 tC ha −1 from year to year. Most litter fell in late summer and early autumn, and consisted primarily of several-year-old senescing conifer needles. Annual litterfall was 4.7 tC ha −1 year −1 , which was about twice stem growth. Aboveground net production, calculated as the sum of gross stem increment and litterfall, averaged 6.7 tC ha −1 year −1 .
Seasonality of CO 2 and H 2 O exchange
Gross ecosystem CO 2 exchange (GEE), a measure of wholeforest photosynthesis, continued year-round ( Figure 5 , positive values indicate uptake). Gross ecosystem production was highest in spring and summer, averaging 4.0-4.1 tC ha −1 [3 months] −1 for both seasons, coincident with long days. The forest showed continuing daytime CO 2 uptake in winter despite a persistent and deep snowpack and a mean daytime high temperature of just 5.1 °C. Winter accounted for 17% of annual GEP, and cumulative winter GEP was roughly half of summer GEP, averaging 2.2 tC ha −1 [3 months] −1 . Much of the apparent reduced uptake in winter relative to summer was attributable to seasonal changes in day length, and half-hourly GEE rates in winter were ∼75% of summer rates at comparable temperatures ( Figure 6 ). Autumn months also showed high CO 2 uptake, despite a lack of substantial precipitation in the previous 5-6 months.
Evapotranspiration averaged 790 mm year −1 during the study period, while annual precipitation was 1102 mm year −1 (see also Goulden et al. 2012, Goulden and Bales 2014) . Evapotranspiration was greatest in summer, and summer ET accounted for 45% of the annual total (Figure 7a ). Spring ET accounted for 21% of the annual total, autumn accounted for 24% and winter accounted for 10%. The pattern of seasonal ET was out of phase with the pattern of precipitation: winter accounted for 10% of annual ET and 50% of annual precipitation, and summer accounted for 45% of annual ET and just 3% of annual precipitation (Figure 7) .
Water use efficiency (WUE) was defined as the seasonally averaged half-hourly mean GEE (µmol CO 2 ) divided by the mean ET (mmol H 2 O) during sunny periods (K >600 W m −2 ). The seasonal pattern of WUE was consistent from year to year. Water use efficiency was highest in winter and spring, at ∼4.2 mmol CO 2 mol H 2 O −1 , and declined in summer and autumn to 2.0-2.5 mmol CO 2 mol H 2 O −1 (Figure 7b ). Ecosystem light use efficiency (LUE) is a measure of photosynthetic carbon uptake per absorbed solar energy. We calculated seasonal LUE by summing Montane Mediterranean forest growth 463 seasonal GEP and dividing by seasonal total incoming solar radiation ( Figure 8 ). Light use efficiency was highest in winter, slightly lower in spring and lowest in summer. Autumn LUE was especially variable from year to year.
Canopy gas exchange responses to meteorological conditions
We compared the GEE rates during sunny periods (K >600 W m −2 ) with canopy air temperatures measured at the tower top to understand how winter cold and summer drought affect CO 2 uptake. Mean GEE never dropped below 3.6 µmol CO 2 m −2 s −1 during sunny periods. Photosynthesis continued below air temperatures of 0 °C (Figure 6 ). Gross ecosystem CO 2 exchange peaked at ∼10 °C in spring, 8 °C in summer and winter, and between 5 and 10 °C in autumn. Spring and summer showed similar temperature responses of GEE. The rates of GEE in winter and autumn were lower than those in spring and summer.
Winter cold acclimation would be evident as a less sensitive temperature response curve of GEE in winter compared with other seasons. We did not see a seasonal difference in the slope of the response of GEE to incremental changes in temperature below 10 °C, implying that the forest does not acclimate to winter cold (Figure 6 ). An analysis of covariance (ANCOVA) confirmed that the slope of the GEE response to cold temperature was indistinguishable between seasons (P < 0.05). Likewise, an ANCOVA showed that the slope of the GEE response to increasing temperatures above 12 °C was indistinguishable between spring, summer and autumn (P < 0.05). Winter canopy air temperatures never rose above 14 °C, and at these temperatures, no decline in GEE with warm temperature was observed. We compared half-hourly daytime GEE with vapor pressure deficit (VPD). Mean VPD in full-sun conditions (K >600 W m −2 ) was 2.1 kPa, and VPD was above 3.0 kPa during only 10% of sunny periods. A linear fit of GEE to VPD during sunny periods for VPD Figure 6 . Half-hourly mean GEE response to temperature by season during sunny periods (K >600 W m −2 ). Tower-top air temperature is binned in 2 °C increments, minimum 50 points per bin. Tree Physiology Online at http://www.treephys.oxfordjournals.org above 1.0 kPa showed no significant response of photosynthesis to increasing VPD (data not shown).
We used surface soil moisture data as an indicator of water content throughout the soil column and as a measure of the timing of the wet and dry seasons, but note that the trees at the site access soil water far below this depth ( Bales et al. 2011b ). Gross ecosystem CO 2 exchange during sunny periods was well correlated with soil VWC in the upper 0.30 m, especially below a VWC of ∼0.09 m 3 m −3 . Gross ecosystem CO 2 exchange was lowest when soil VWC dropped below 0.05 m 3 m −3 , and highest when soil water climbed above 0.12 m 3 m −3 . Autumn had the narrowest intraseasonal range and lowest values of soil VWC (∼0.05-0.08 m 3 m −3 ), but showed moderate rates of GEE, ∼10 µmol CO 2 m −2 s −1 during sunny periods (data not shown).
We tested the hypothesis that warm temperatures and dry soils during summer and autumn interact to depress GEE using a multivariate linear model. Warming temperatures, drying soil moisture and their interaction each significantly depress GEE during sunny periods (P < 0.05). However, the effects were relatively weak, and autumn GEE rates remained high under the conditions observed ( Figure 6 ).
Discussion
These results show that winter photosynthesis and late summer drought avoidance are important to the annual fluxes of carbon and water in Southern Sierra mixed-conifer forest. The annual productivity we observed is consistent with previous research in temperate Mediterranean-climate conifer forests in North America. Previous results have hinted at winter photosynthesis by some conifer forests during mild weather (e.g., Bourdeau 1959, Waring and Franklin 1979) , but results have been mixed as to whether winter uptake can contribute substantially to annual carbon fixation and growth (e.g., Misson et al. 2006) . Measured aboveground net primary production, GEP and net ecosystem production in the Sierra mixed conifer were similar to results from HJ Andrews Experimental forest ( Harmon et al. 2004 , Schwalm et al. 2007 , an old-growth Douglas-fir forest in Oregon with similar temperature but twice the annual precipitation of our study site. At Andrews, winter photosynthesis was observed but was a negligible component of GEP, and Falk et al. (2008) measured low rates of winter photosynthesis with no net uptake at a nearby Washington forest site. Previous investigations of Sierra Nevada ponderosa pine have shown conflicting evidence of significant winter photosynthesis, though measurements were not taken consistently through a winter season ( Panek 2004) . A model of forest productivity in western Oregon also suggests that about a third of annual photosynthesis took place during the winter 'dormant season' ( Emmingham and Waring 1977) . Our measurements from the Sierra Nevada mixed-conifer forest clearly show consistent winter photosynthesis that contributes a substantial portion of annual GEP in an evergreen, snow-dominated forest.
These results demonstrate an asynchrony between year-round photosynthesis and the brief 2-month period of peak stem growth and leader elongation ( Royce and Barbour 2001) . This difference in timing suggests that these Sierra trees are accumulating and storing photosynthate during winter cold and summer drought conditions, while the production of new tissue occurs during the most 'ideal' growing conditions. The storage of photosynthate throughout the year that is then used for growth during the short period of moist soils and sunny warm temperatures may avoid constraints or possible damage associated with growth during the winter or late summer. Moreover, the decoupling of the seasonal patterns of photosynthesis and growth may allow the vegetation to time its leaf and stem production in ways that maximize the annual carbon gain and/or minimize stress. Photosynthate accumulation during mild winter spells has also been observed in red spruce in Vermont ( Schaberg 2000) , suggesting a similar asynchrony of winter carbohydrate production and subsequent spring growth.
How do summer heat and drought limit forest canopy gas exchange?
Previous work has hypothesized that the Sierran mixed-conifer growing season is limited by both winter cold and summer drought ( Stephenson 1998 , Urban et al. 2000 , Royce and Barbour 2001 . We found high rates of canopy CO 2 uptake continued year-round, implying that mixed-conifer growth was neither limited by reduced photosynthesis in cold temperatures nor summer water deficit. Roughly 32% of annual GEP occurred during June-August, when neither snowmelt nor rainfall contributed appreciable soil moisture; ∼21% of annual GEP occurred in September-November, through the end of the summer drought period; ∼15% of annual GEP occurred in December-February, when the ground was snow-covered, days were short and freezing temperatures were frequent, and ∼32% of annual GEP occurred in March-May, the springtime period considered most favorable for growth ( Figure 5) .
Photosynthetic rates remained high throughout the summer and early fall. Gross ecosystem CO 2 exchange declined with increasing temperature above 12 °C at similar rates during spring and summer (Figure 6 ). This indicates that the sensitivity of leaf gas exchange to increasing temperature, associated with stomatal closure or metabolic effects on photosynthesis or respiration, did not increase with summer drought. Moreover, autumn and spring ET were similar (Figure 7a ), implying that moisture limitation did not cause dormancy or frequent stomatal closure in late summer. High variability in autumn LUE compared with other seasons, and higher autumn LUE following wet WYs, suggests a physiological sensitivity to deep soil moisture status that is not obvious in the seasonal and annual water and carbon fluxes.
Factors that mitigate winter cold limitation
These observations suggest that four phenomena help Sierran mixed-conifer forest to avoid severe winter cold limitation: (i) winter air temperatures at this site are not low enough to cause freezing damage to needles, (ii) the trees are well adapted to photosynthesize at low temperatures, (iii) the forest is at 37°N latitude, and appreciable sunlight occurs year-round and (iv) the trees are able to access liquid soil water under the winter snowpack.
The local climate has a maritime influence, which prevents extreme temperature variability found in more continental conifer forests in North America (e.g., Fulé et al. 2009 ). The air temperature during sunny winter days rarely fell below 0 °C and seldom exceeded 10 °C. Air temperatures below −5 °C were rare (2.5% of the year), and thus, leaves did not need protection against freezing or cold desiccation ( Parker 1963) . Moreover, night-time canopy air temperatures above ∼10-m a.g.l. were moderated compared with temperatures near the surface ( Figure 4) . Because standard weather stations measure air temperature at ∼2 m height, winter cold limitation within this forest has likely been overestimated.
We observed an optimal temperature range for GEE of ∼5-13 °C (Figure 6 ), which is considerably lower than that previously reported for other evergreen forests ( Yuan et al. 2011) . The trees appear well adapted to the winter climate, and are able to maintain high rates of photosynthesis at temperatures that are lower than reported for other similar forests ( Neilson et al. 1972, Fellows and Goulden 2013) . Gross ecosystem CO 2 exchange declined with decreasing temperature below 12 °C at the same rate during both summer and winter (P < 0.05), indicating a lack of dormancy, lasting frost inhibition or cold acclimation. The temperature below which NEE becomes a loss, T b , was −6 °C in the Sierra mixed-conifer forest. The Sierra mixedconifer forest T b was 13 °C lower than the value predicted from a literature synthesis of other forest types ( Yuan et al. 2011) . Moreover, the observed T b is 5 °C lower than that reported for a mixed-conifer site in Southern California ( Fellows and Goulden 2013) . Gross ecosystem CO 2 exchange was reduced by 50% or more due to cold during only 2% of sunny periods.
The forest was at 37°N latitude; the foliage apparently absorbed enough radiation to allow high rates of CO 2 uptake during winter days, and perhaps to warm the leaves above air temperature. During the study period, local wind averaged 0.7 m s −1 compared with an average of 1.3 m s −1 in a white fir forest in southwestern Colorado ( Western Regional Climate Center 2015) . Comparatively low wind speeds in the Sierra Nevada may allow greater foliage heating relative to other locations. Anecdotal observations suggest that canopy needles are often warmed above air temperatures; the snow intercepted by the canopy may melt rapidly during sunny periods despite below-freezing air temperatures.
Mild air temperatures and deep snowpack prevented soils at the site from freezing, which provided accessible soil water throughout the winter ( Bales et al. 2011b ). These four factors together negated any advantage of dormancy, and the conifers at this site remained photosynthetically active throughout the winter.
Factors that mitigate summer moisture limitation
We believe two phenomena help Sierran vegetation to avoid severe moisture limitation in the summer: (i) the summer daytime air temperatures in the canopy are relatively low compared with 2 m a.g.l. by ∼2.6 °C and (ii) the trees are able to access soil water throughout the summer dry period. Many weather stations use a 2 m a.g.l. reference height for air temperature, and bioclimatic analyses and models may then incorporate these surface data to estimate photosynthesis, ET, water balance and species distribution. Models based on standard weather station temperatures may cause models to overestimate summer ET and drought stress.
Summer daytime temperatures above 10 m a.g.l. were 2.6 °C cooler than those at 2 m, and night-time temperatures were 2.1 °C warmer than at 2 m (Figure 4 ). These cooler daytime air temperatures in the canopy would be expected to reduce the evaporative demand, and ultimately the severity and duration of moisture stress. Rambo and North (2009) , working in a nearby stand of mixed-conifer forest, also found that summer mean daytime air temperatures were cooler in the canopy than at the surface.
Canopy CO 2 uptake rates declined when surface soil VWC dropped below ∼0.07 m 3 m −3 in autumn, suggesting a threshold for a physiological response to drought stress related to low surface soil VWC. This response was only evident late in the dry season, several months after the snow melted and before winter rains arrived, and the effect was modest, reducing GEP by 11% in autumn compared with summer. In fact, the more important observation is that the forest largely avoids a reduction in GEE and ET during the dry season, and that the vegetation apparently accesses soil and regolith moisture throughout the dry season. The cumulative ET during the ∼5-month largely rainand snowpack-free period was 470 mm, and the soil at the site has a volumetric water holding capacity of 0.10-0.20 m 3 m −3 , implying a rooting depth of at least 2.5-5 m. Rooting depth in this forest type has been assumed to be 2 m or less (e.g., Meyer et al. 2007 , USDA 2009 ), which implies a lower total soil water storage capacity than the forest actually transpired. Deep rooting at this and other montane California forest sites has previously been discussed by Bales et al. (2011b) , Goulden et al. (2012) and Fellows and Goulden (2013) , and a recent analysis by Holbrook et al. (2014) showed that the weathered regolith at this site is deep, with an integrated porosity of 1000-5000 mm. This recent work suggests that the actual water deficit experienced by Sierran forest has previously been overestimated.
Implications for sensitivity to a changing climate
Forest photosynthesis is not currently limited by cold in winter, and warming is unlikely to have a large beneficial effect on winter carbon gain. On the other hand, the vegetation currently relies on a deep soil moisture reservoir to avoid summer drought stress, and this strategy could modify, mitigate or amplify the impact of a changing climate.
The forest's avoidance of summer moisture limitation is contingent on four factors: (i) a deeply weathered regolith profile with a moisture storage capacity of at least 470 mm, (ii) a montane Mediterranean climate with a mean precipitation of ∼1000 mm that reliably recharges the regolith each spring, (iii) deep rooting that allows plant access to the regolith water reservoir and (iv) modest summer canopy temperatures and evaporative demand. While the plant community can be viewed as 'resistant' to the current summer dry period, this dynamic could create a threshold associated with the systematic depletion of deep moisture that intensifies the local impact of climate change. The possibility of a threshold response is consistent with the site's current water balance. The high year-round rates of GEE, a stable seasonal ET : PET ratio and a high ET : P ratio lead us to conclude that annual ET is limited by both precipitation and evaporative demand, and that the forest could cross a threshold with markedly increased moisture limitation if regolith recharge decreases or evaporative demand increases.
Precipitation variability is expected to increase in the region ( Cayan et al. 2008 , Diffenbaugh et al. 2008 , which could limit regolith water recharge in some years and intensify moisture stress during the late summer and autumn. Moreover, the winter snowpack gradually releases water into soil after the last snowfall, increasing infiltration and reducing the effective length of the dry season ( Winograd et al. 1998 ). Snow at the site often fell at nearfreezing temperatures; slight warming is expected to increase the fraction of P arriving as rain and lengthen the period between soil water input in spring and fall. Alternatively, warming will increase evaporative demand, possibly depleting the deep soil moisture. A reduction in deep soil moisture late in the summer would be expected to intensify forest mortality and fire severity, perhaps episodically following a series of dry years. In turn, increased mortality is expected to decrease standing biomass and possibly shift species distribution. The potential vulnerability of Sierran forest to a systematic depletion of deep moisture and the possibility that recent increases in montane tree mortality ( Van Mantgem and Stephenson 2007 ) are linked to episodes of deep regolith moisture depletion are outstanding questions that merit future research.
